To elucidate the beneficial effects of porcine follicular fluid (pFF) added to maturation medium on the sustenance of cytoplasmic maturation responsible for the subsequent developmental competence after in vitro fertilization (IVF) of porcine oocytes, we focused on the antioxidative role of pFF in its function of protecting oocytes from reactive oxygen species (ROS)-induced cell damage. Porcine follicular fluid collected from small (2-6 mm) follicles had about 7.2-fold higher levels of superoxide dismutase (SOD) activity than that of fetal bovine serum (FBS), and this activity was markedly blocked by the CuZn-SOD inhibitor, diethyldithiocarbamate (DETC). The interruption of meiotic progression and the increasing intracellular glutathione (GSH) content throughout the maturation period, as well as an outbreak of DNA damage in oocytes and cumulus cells were difficult to detect in oocytes cultured in a medium supplemented with 10% pFF, even in the presence of ROS generated by the hypoxanthine-xanthine oxidase system, whereas cell damage encompassed by ROS was prominent in oocytes cultured with 10% FBS and 10% pFF plus 100 M DETC. Similarly, significant enhancement to the degree of transformation of the sperm nucleus into the male pronucleus (MPN) after in vitro fertilization was shown by the addition of pFF to the maturation medium. The presence of DETC during in vitro maturation reduced the ability of oocytes to promote MPN formation to the same extent as oocytes matured with FBS. The proportion developing to the blastocyst stage was increased in oocytes that matured with pFF, but this developmental competence was significantly lowered by treatment with DETC (P Ͻ 0.05). These findings suggest that pFF plays a critical role in protecting oocytes from oxidative stress through a higher level of radical scavenging activity elicited from SOD isoenzymes, resulting in the enhancement of cytoplasmic maturation responsible for developmental competence postfertilization.
INTRODUCTION
It has been a longstanding objective to identify optimal conditions for in vitro maturation (IVM) of follicular oo- 1 This study was partially supported by a Grant-in-Aid for Young Scientists (B) 14760181 to H.T. from the Ministry of Education, Culture, Sports, Science, and Technology of Japan. cytes from domestic animals to enhance basic agricultural research and biotechnology. Although porcine oocytes can develop to the blastocyst stage following maturation and fertilization in vitro [1] [2] [3] [4] , their developmental potential is lower than that of oocytes that mature in vivo [5] [6] [7] . Oocyte maturation includes both nuclear and cytoplasmic maturation. The poor developmental competence might be caused by the lack of cytoplasmic maturation in porcine oocytes maturing in vitro, even though they undergo normal nuclear maturation [4, [8] [9] [10] . Usually, the deficiency of cytoplasmic maturation during IVM is reflected in an oocyte's low ability to form a male pronucleus (MPN) and to develop to the blastocyst stage after in vitro insemination [11] .
In vitro cultures are maintained under higher concentrations of O 2 than those that occur in vivo, resulting in increased production of reactive oxygen species (ROS). In our previous study [12] , cumulus cells efficiently protected porcine oocytes against cell damage caused by oxidative stress during IVM. After IVM, the oocytes surrounded by cumulus cells (cumulus-oocyte complexes; COCs) had significantly increased concentrations of intracellular glutathione (GSH), whereas the GSH content in cumulus-denuded oocytes was markedly decreased, and exposure of denuded oocytes to ROS resulted in an increase in the frequency of apoptotic cell death. Moreover, the protection of porcine oocytes from oxidative stress during IVM efficiently enhanced the acquisition of developmental competence after fertilization [13] . However, no data exist on the intrinsic functions or factors relating to the meiotic progression accompanying cytoplasmic maturation in porcine oocytes.
In vivo, oocytes are nourished by follicular fluid (FF) and undergo meiotic maturation. The effects of adding FF to maturation media on the developmental competence after in vitro fertilization (IVF) have been investigated in bovine [14] [15] [16] and porcine [17] [18] [19] [20] oocytes. As reported by Naito et al. [17] and Rath et al. [19] , porcine FF (pFF) added to IVM medium had beneficial effects on the resumption of meiosis and on MPN formation in combination with FSH. Yoshida et al. [18] also reported that the addition of pFF to IVM medium significantly increased the rate of nuclear maturation, normal fertilization, and normal cleavage of porcine oocytes after IVF, and one or more heat-labile (56ЊC) acidic factors with a molecular mass between 10 and 200 kDa in pFF is responsible for oocyte maturation and developmental capacity. A variety of peptide growth factors and steroid hormones have been demonstrated to be present in FF [15, [21] [22] [23] [24] [25] . From these findings, it seems that pFF is highly effective in enhancing the developmental competence of porcine oocytes in vitro.
The presence of the superoxide dismutase (SOD) iso-enzyme has been reported in human FF [26] [27] [28] . SOD activity and CuZn-SOD isoenzymes are localized in developing follicles, membranes of granulosa cells of Graafian follicles, and postovulatory follicles [29] . Further studies on rat and human ovaries suggest that ROS and SOD isoenzymes may play a role in the ovulation process and in the development of oocytes [26] [27] [28] 30] . Depending on the site of formation and on the tension of oxygen, ROS such as superoxide anions (O 2 Ϫ ), hydroxyl radicals (OH Ϫ ), and hydrogen peroxide (H 2 O 2 ) can cause lipid peroxidation and enzyme inactivation, resulting in tissue injury in humans and animals [31] . Therefore, the present study was conducted to examine the protective effects of SOD activity in pFF on oxidative stress caused by the hypoxanthine-xanthine oxidase (XOD) system during IVM of porcine oocytes. Additionally, to clarify whether the addition of pFF to IVM media supported the cytoplasmic maturation responsible for the subsequent developmental competence, the desirable effects of the SOD isoenzyme in pFF through the scavenging ability to protect porcine oocytes from the detrimental effects of ROS during IVM were compared with SOD activity-abolished pFF by the SOD inhibitor, diethyldithiocarbamate (DETC), and fetal bovine serum (FBS).
MATERIALS AND METHODS
All chemicals used in the study were purchased from Sigma Chemical Company (St. Louis, MO) unless otherwise stated.
Collection of Oocytes and pFF
Ovaries were collected from peripubertal gilts at a local slaughterhouse and transported to the laboratory in 0.9% (w:v) NaCl containing 100 mg/L kanamycin sulfate (Meiji Seika, Tokyo, Japan) at 30ЊC. Within 2 h postslaughter, the follicular contents were recovered by excising the visible small antral follicles (about 2-6 mm in diameter) on the ovarian surface by using a razor, and by scraping the inner surface of the follicle walls with a disposable surgical blade. Only COCs with a uniform ooplasm and a compact cumulus cell mass were collected and washed three times with Hepes-buffered Tyrode medium containing 0.01% (w:v) polyvinyl alcohol (H-TL-PVA). Porcine FF was aspirated from follicles of 2-to 6-mm in diameter by using a 10-ml syringe fitted with an 18-gauge needle, centrifuged at 10 000 ϫ g for 15 min at 4ЊC to remove cellular debris, and stored at Ϫ30ЊC until use.
Maturation Culture of Oocytes
The basic medium for maturation culture of oocytes was BSA-free North Carolina State University 37 (NCSU37; [6] ) supplemented with 0.6 mM cysteine, 2% (v:v) modified Eagle medium (MEM) amino acids solution (Invitrogen, Carlsbad, CA), 1% (v:v) MEM nonessential amino acids solution (Invitrogen), 0.04 units/ml ovine FSH, 0.02 units/ml ovine LH, and 1 mM hypoxanthine. After washing in the basic medium, groups of 20 COCs were transferred into 100-l droplets of culture medium that had been previously equilibrated in a CO 2 incubator. The culture medium was supplemented with 10% (v:v) pFF, 10% pFF and 100 M DETC (pFF ϩ DETC), or 10% (v:v) FBS. To precisely clarify the cell damage caused by oxidative stress, some portions of the COCs were cultured for the entire period in the medium containing 1 mU/ml XOD to expose them to ROS during IVM. All media containing oocytes were covered with mineral oil and cultured at 39ЊC in an atmosphere of 5% CO 2 in air. After 44 h of maturation culture, the COCs were treated to strip their cumulus cells by pipetting through a narrow-bore pipette in H-TL-PVA containing 0.1% (w:v) hyaluronidase.
Determination of SOD Activity
To determine SOD activity, a novel tetrazolium salt, 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt (WST-1; Dojindo Laboratories, Kumamoto, Japan), which forms a highly water-soluble formazan after reduction, was used as described previously [32] with some modifications. The reaction mixture consisted of 700 l of reaction buffer (50 mM sodium carbonate buffer containing 0.15 mM ethylenediamine tetraacetic acid [EDTA] and 0.15 mM hypoxanthine pH 9.4), 100 l of sample solution, 100 l of inhibitor solution, and 50 l of 1 mM WST-1 solution. The reaction was initiated by adding 50 l of 200 mU/ml XOD solution and the absorbance was monitored continuously at 438 nm with a spectrophotometer (JASCO Co., Tokyo, Japan) for 3 min, with readings recorded every 0.5 min. The SOD activity of each sample was determined based on the standard curve of CuZn-SOD (S-2515; Sigma) with a defined specific activity. The inhibition of SOD activity was tested by using KCN and DETC as specific CuZn-SOD inhibitors [33] .
Analysis of DNA Damage
To precisely clarify the DNA damage in oocytes caused by oxidative stress, the COCs were cultured in the absence or presence of 1 mU/ml XOD during IVM. These COCs as well as oocytes freshly isolated from their follicles (freshly isolated oocytes) were transferred into 0.1% (w:v) protease solution in H-TL-PVA at room temperature to remove the zona pellucida, and washed quickly in PBS (Invitrogen) containing 0.3% (w:v) BSA. DNA damage in each oocyte was detected by the single-cell microgel electrophoresis (COMET) assay reported by Singh et al. [34] and Tatemoto et al. [12] with the following modifications. Fifteen to 20 zonafree oocytes were mixed with 10-l drops of 2% (w:v) low-melting agarose (SeaPlaque GTG agarose; FMC BioProducts, Rockland, ME) at 39ЊC on a glass slide, and the cell suspension was immediately covered with a coverslip. The space between the coverslip and the glass slide was filled with 2% low-melting agarose, and the slides were then kept at 4ЊC for 20 min to allow solidification of the agarose. After gently removing the coverslip, the slides stuck with the oocyte-embedded agarose were immersed in a lysing solution (1% N-lauroyl-sarcosine, 2.5 M NaCl, 20 mM EDTA, 10 mM Tris pH 10, 20 g/ml proteinase K, and 1% Triton X-100) for 1 h to lyse the cells and permit DNA unfolding. The slides were then placed on a horizontal gel electrophoresis unit and equilibrated for 20 min in trisborate-EDTA (TBE) electrophoresis buffer. Electrophoresis was conducted for 20 min at 50 V. After electrophoresis, the slides were stained with 10 g/ml of bisbenzimide Hoechst 33342 for 10 min, washed with distilled water, and then covered with a coverslip. The slides were sealed with clear nail polish and examined using a fluorescent microscope. The length of the streak of the DNA COMET tail between the edge of the plasma membrane and the end of the visible COMET tail was individually measured in 40-45 oocytes of each experimental group by using a micrometer.
To detect DNA damage of cumulus cells, briefly, 1.0 ϫ 10 6 cumulus cells were separated from COCs and centrifuged at 750 ϫ g for 10 min. Cell pellets were resuspended in 200 l of TE buffer (50 mM Tris-HCl pH 7.5, and 20 mM EDTA) containing 1.0% Triton X-100, and allowed to stand for 10 min at 4ЊC with gentle pipetting. After centrifugation at 2000 ϫ g for 10 min, the supernatant was transferred to a new tube and treated with 2.5 l of 2mg/ml ribonuclease A solution. After 60 min of incubation at 37ЊC, 5 l of 20 mg/ml proteinase K solution was added and the extract was incubated for an additional 45 min at 50ЊC. After incubation, 250 l of 2-propanol and 50 l of 5 M NaCl solution were added, and the tube was left overnight at Ϫ30ЊC. The sample was centrifuged at 12 000 ϫ g for 10 min (4ЊC). After the supernatant was completely removed, 7 l of TBE electrophoresis buffer, 2 l of 5ϫ loading buffer (40% sucrose and 0.25% bromophenol blue), and 1 l of 0.1 mg/ ml ethidium bromide were added. DNA was analyzed by horizontal 2% agarose gel electrophoresis. The intensity of DNA ladders was quantified by using an Image PC (Scion Co., Frederick, MD).
Assay of Intracellular GSH Content
COCs treated with or without XOD, in addition to freshly isolated oocytes, were assayed for intracellular GSH content. Denuded oocytes were washed three times with the stock buffer (0.2 M sodium phosphate buffer pH 7.2 containing 10 mM EDTA), and groups of 40 oocytes in 5 l of the stock buffer were transferred to 1.5-ml microtubes, and 5 l of 1.25 M H 3 PO 4 was added. Samples were stored at Ϫ80ЊC until assay. The concentration of intracellular GSH in oocytes was determined using the 5,5-dithio-bis(2-nitrobenzoic acid)-glutathione disulfide (DTNB-GSSG) reductase recycling assay as described previously [12] , which detects both GSH and GSSG in the oocyte.
In Vitro Fertilization
Denuded oocytes were washed three times with modified Tris-buffered medium (mTBM [1] ), designated as IVF medium supplemented with 2 mM caffeine sodium benzoate and 0.1% (w:v) BSA. After washing, 25- 30 oocytes were transferred to 50-l droplets of IVF medium that had been covered with warm mineral oil. The droplets containing oocytes were kept in an incubator for 30 to 45 min until spermatozoa were added for fertilization. For sperm preparation, frozen-ejaculated boar spermatozoa were thawed (39ЊC) and washed two times by centrifugation at 400 ϫ g for 4 min in PBS supplemented with 0.1% (w:v) polyvinyl alcohol at pH 7.2. At the end of the washing procedure, the sperm pellets were resuspended at 4 ϫ 10 8 cells/ml in mTBM supplemented with 2 mM caffeine sodium benzoate, 0.1% (w:v) BSA, and 0.5% (v:v) pFF, and were then incubated for 90 min at 39ЊC. After sperm preincubation, 50 l of diluted sperm suspension in IVF medium was added to a droplet containing oocytes for a final sperm concentration of 1 ϫ 10 6 cells/ml. Oocytes were coincubated with spermatozoa for 7 h at 39ЊC in an atmosphere of 5% CO 2 in air.
Embryo Culture
After insemination, oocytes were removed from fertilization drops, washed three times, and cultured in 50 l of NCSU37 medium at 39ЊC in an atmosphere of 5% CO 2 in air. At 48 and 168 h after IVF, cleavage and blastocyst formation, respectively, were evaluated under a stereomicroscope. The percentages of cleavage and development to the blastocyst stage were determined from the number of oocytes that were placed into the maturation media.
Assessment of Meiotic Maturation and Fertilization Parameters
After IVM culture or 10 h after IVF, groups of 30-40 oocytes were mounted, fixed in acetic acid-ethanol (1:3, v:v) for 72 h, stained with 1% (w:v) lacmoid in 45% (v:v) acetic acid, and examined for nuclear maturation or fertilization parameters, respectively, under a phase-contrast microscope at 400ϫ magnification. Germinal vesicle breakdown (GVBD), metaphase I (MI), maturation to metaphase II (MII), sperm penetration, polyspermy, and MPN formation were assessed. Oocytes were considered to be penetrated by spermatozoa at the MII stage when they had two polar bodies, one or more swollen sperm heads, MPN (or a combination of these), and the corresponding sperm tail.
Statistical Analysis
Values are presented as the mean of four independent experimental replicates. Variation between experiments is illustrated using SEM. For evaluation of the differences between groups, data on the percentage of meiotic maturation, fertilization parameters, and embryo development were checked for homogeneity, pooled, and then subjected to contingency table analysis followed by a Tukey test for nonparametric multiple comparisons [35] . Statistical analyses of data on SOD activity, migration of DNA, GSH content, and mean number of spermatozoa per penetrated oocyte were carried out by a Shapiro-Wilk normality test and analysis of variance followed by a Tukey-Kramer test. All analyses were carried out using the Statistical Analysis System R software package (Cary, NC). A probability of P Ͻ 0.05 was considered statistically significant.
RESULTS

Comparison of SOD Activity Between pFF and FBS
In pFF, 16.0 Ϯ 0.6 U/ml of SOD activity was detected and was about 7.2-fold higher than that of FBS (2.2 Ϯ 0.1 U/ml; Fig. 1 ). However, SOD activity in pFF and FBS was remarkably decreased to 0.4 Ϯ 0.1 U/ml and 0.3 Ϯ 0.1 U/ ml, respectively, by the addition of 1 mM KCN, indicating that a higher level of radical scavenging activity in pFF is mainly addressed by CuZn-SOD isoenzymes.
As shown in Figure 2 , SOD activity in the IVM medium supplemented with 10% pFF was inhibited by the addition of DETC in a concentration-dependent manner. The addition of 100 M DETC to the IVM medium reduced SOD activity to 0.19 Ϯ 0.02 U/ml, which was similar to that of the IVM medium supplemented with 10% FBS (0.20 Ϯ 0.05 U/ml).
Nuclear Maturation
In the absence of XOD, there was no significant difference in the percentages of oocytes undergoing GVBD and reaching the MII stage among COCs cultured with pFF, pFF ϩ DETC, or FBS ( Table 1 ). The maturation rate at the MII stage of COCs cultured with pFF slightly decreased to 65% by treatment with XOD compared with that of untreated oocytes (78%). However, the harmful effect of XOD on meiotic maturation was more markedly observed in COCs cultured with pFF ϩ DETC and FBS, and the maturation rates of these oocytes treated with XOD was significantly suppressed to 48% and 33%, respectively, compared with that of oocytes treated without XOD (69% and 75%, respectively) (P Ͻ 0.05). Nonetheless, the percentages of GVBD and degeneration in these oocytes did not differ significantly compared with those of oocytes cultured with pFF. It is interesting that treatment with XOD in oocytes cultured with pFF ϩ DETC and FBS inhibited emission of the first polar body and significantly blocked meiotic progression at the MI stage (30% and 39%, respectively), compared with that of untreated oocytes (12% and 10%, respectively) (P Ͻ 0.05). 4 and 7) . M, 100-base pair DNA marker.
DNA Damage in Oocytes and Cumulus Cells
To confirm the effect of SOD activity in pFF on DNA damage caused by oxidative stress, the extent of DNA migration of a single oocyte was measured by the COMET assay following treatment with or without XOD for 44 h. As shown in Figure 3A , the length of DNA migration of oocytes cultured with pFF was not significantly affected by the absence or presence of XOD (74.4 Ϯ 4.4 m or 96.5 Ϯ 9.0 m, respectively), compared with that of freshly isolated oocytes (73.4 Ϯ 4.7 m). In contrast, the addition of XOD during IVM of oocytes cultured with pFF ϩ DETC and FBS caused irreversible damage to oocyte DNA, and the length of DNA migration in these oocytes increased remarkably to 161.0 Ϯ 7.7 m and 152.8 Ϯ 8.3 m, respectively, compared with that of oocytes cultured with pFF (P Ͻ 0.05).
Inhibitory effects of SOD activity in pFF on DNA damage caused by ROS was also found in cumulus cells. The degree of DNA damage in cumulus cells removed from COCs was analyzed by agarose gel electrophoresis. DNA laddering was almost not detectable in cumulus cells at the start of IVM (Fig. 4, lane 1) , whereas it was clearly visible after 44 h of IVM culture, irrespective of the culture condition (Fig. 4, lanes 2-4) . In particular, upon exposure to ROS generated by XOD, the intensities of the DNA ladders in cumulus cells collected from COCs cultured with pFF ϩ DETC and FBS were 1.5-fold to 1.7-fold higher than those in COCs treated without XOD (Fig. 4, lanes 6 and 7) . However, the obvious increase in intensity (1.1-fold) was not observed in cumulus cells cultured with pFF despite treatment with XOD (Fig. 4, lane 5) .
Intracellular GSH Content in Oocytes
As shown in Figure 3B , GSH contents were significantly higher in oocytes after maturation culture with pFF, pFF ϩ DETC, and FBS (9.6 Ϯ 0.4 pmol/oocyte, 7.6 Ϯ 0.4 pmol/ oocyte, and 8.3 Ϯ 0.7 pmol/oocyte, respectively) without the addition of XOD, compared with that of freshly isolated oocytes (5.0 Ϯ 0.3 pmol/oocyte), and a significantly lower increasing level of GSH was found in oocytes cultured with pFF ϩ DETC (P Ͻ 0.05). Although increasing GSH content with the advancement of oocyte maturation was not interrupted by oxidative stress in oocytes cultured with pFF (7.3 Ϯ 0.3 pmol/oocyte), treatment with XOD significantly inhibited the increase of intracellular GSH levels in oocytes cultured with pFF ϩ DETC and FBS (5.2 Ϯ 0.4 pmol/ oocyte and 5.1 Ϯ 0.4 pmol/oocyte, respectively) (P Ͻ 0.05).
IVF and Embryo Development
After in vitro insemination of oocytes matured in media containing pFF, pFF ϩ DETC, and FBS, there was no difference in the rates of penetration (71-79%; Table 2 ). In the absence of XOD during IVM culture, the proportion of MPN formation in oocytes matured with pFF (70%) was significantly higher than that of oocytes matured with FBS (50%) (P Ͻ 0.05). However, the positive effect of pFF on MPN formation was abated by the addition of DETC, and this rate was reduced to 47%, or to the same extent as oocytes matured with FBS. In the presence of XOD, the incidence of polyspermic fertilization in oocytes matured with pFF (61%) was significantly lower than that of oocytes matured with pFF ϩ DETC and FBS (84% and 80%, respectively); consequently, the mean number of spermatozoa per oocyte was significantly lower in oocytes matured with pFF (P Ͻ 0.05). Furthermore, the proportions of MPN formation in oocytes matured with pFF ϩ DETC and FBS were significantly reduced to 16% and 16%, respectively, compared with that of oocytes cultured with pFF (44%) (P Ͻ 0.05).
As shown in Figure 5 , the cleavage rate after 48 h of in vitro insemination was significantly decreased to 43% in oocytes matured with FBS in the presence of XOD compared with that in the absence of XOD (61%) (P Ͻ 0.05). In the absence of XOD during IVM, significantly lower proportions of oocytes matured in the medium supplemented with pFF ϩ DETC developed to the blastocyst stage (7%) compared with that of oocytes cultured with pFF and FBS (18% and 13%, respectively) (P Ͻ 0.05). Although the addition of XOD during IVM of oocytes cultured with pFF caused a slight decrease in the potential for development to the blastocyst stage (9%), the developmental ability of oocytes matured with pFF ϩ DETC and FBS were drastically abolished by treatment with XOD (0% and 1%, respectively).
DISCUSSION
The present study assessed the effects of SOD activity in pFF added to maturation medium in porcine oocytes on the protection of cell damage caused by ROS and the improvement of MPN formation and developmental competence after IVF. The main finding was that pFF during IVM culture efficiently protected oocytes against oxidative stress through its radical scavenging activity elicited from one or more SOD isoenzymes. The poor developmental competence of porcine oocytes matured in vitro might reflect deficient cytoplasmic maturation of oocytes, and many studies have indicated that the addition of pFF to maturation media can improve cytoplasmic maturation [17] [18] [19] [20] . Although the desirable effects of pFF on the cytoplasmic maturation responsible for the subsequent developmental competence is affirmed in these reports, there are still unclear points with respect to factor identification. In the present study, pFF had about 7.2-fold higher levels of superoxide scavenging activity than that of FBS, and this activity was overridden by treatment with KCN and the CuZn-SOD inhibitor, DETC (Figs. 1 and 2 ), indicating that pFF possesses a higher level of the CuZn-SOD isoenzyme compared with FBS. Similarly, the presence of CuZn-SOD isoenzymes and a higher level of SOD activity were also detected in human FF. It is possible to speculate that there may be a secretion or concentration mechanism of CuZn-SOD isoenzymes into the FF during follicular maturation [26, 27] .
The dismutation of O 2 Ϫ to H 2 O 2 is a primary step in the antioxidative pathway during both normal cellular metabolism and various pathological processes [36, 37] . Different molecules take part in this process, with the major part played by a family of three SOD isoenzymes. The two intracellular isoenzymes, CuZn-SOD [38] and Mn-SOD [39] , are both synthesized by virtually all cell types in the body. The secretory extracellular SOD (EC-SOD) is the major isoenzyme in extracellular fluids, such as plasma, lymph, and synovial fluid, but has also been demonstrated in all mammalian species [40, 41] . EC-SOD is evolutionarily related to CuZn-SOD, because the middle protein of the EC-SOD sequence shows strong homology with the part of the CuZn-SOD sequence that defines the active site [42] . The present study could not identify which isoenzyme of SOD (CuZn-SOD or EC-SOD) participates in a higher level of radical scavenging activity in pFF. However, Tilly and Tilly [43] reported that gonadotropin-mediated rat follicular development coincided with enhanced expression of EC-SOD and Mn-SOD messenger RNA, but not CuZn-SOD messenger RNA, in granulosa cells. Therefore, EC-SOD may be responsible for radical scavenging activity in pFF.
Several studies of mouse embryos indicate that the twocell block occurring in vitro could be alleviated by protection against oxidative stress mediated by a potent scavenger of O 2 Ϫ , CuZn-SOD [44] [45] [46] . Matsuoka et al. [47] reported that when CuZn-SOD and catalase were added to a serumfree culture medium of mouse oocytes, fertilization and cleavage rates were improved. In bovine oocytes, the addition of CuZn-SOD during IVM apparently improved the developmental potential to the blastocyst stage after IVF [48] . In contrast, when bovine oocytes were matured in vitro in the presence of CuZn-SOD, the developmental competence of the oocytes after IVF was not significantly improved [49] . It seems that these conflicting data may be attributed to different antioxidative defense mechanisms between CuZn-SOD and EC-SOD. CuZn-SOD and Mn-SOD are found primarily in the cytosol and the mitochondria, respectively, of eukaryotes. On the other hand, EC-SOD, an extracellular form of CuZn-SOD, is localized predominantly in the extracellular matrix of tissues, as well as in the extracellular fluids [50] . It has been reported that EC-SOD is an important antioxidant molecule in the testis and is under germ cell regulation [51] . Taken together, further studies are required to investigate the differences in the functional mechanisms between CuZn-SOD and EC-SOD in regulating and supporting the developmental competence of oocytes during maturation.
We previously demonstrated that oxidative stress during IVM culture provoked porcine oocytes into undergoing apoptotic cell death, judging from the findings that DNA cleavage by TUNEL analysis, the increased length of DNA migration by COMET assay, and the activation of caspase-3 were prominently detected in degenerated oocytes by treatment with hypoxanthine and XOD [12, 13, 52] . In the present study, the maturation rate was slightly reduced under ROS conditions generated by the hypoxanthine-XOD system (Table 1) , but the addition of pFF to the IVM medium efficiently precluded an increase in the length of DNA migration in oocytes and the intensity of DNA ladders in cumulus cells (Figs. 3A and 4) . However, this fully protective potency against DNA damage caused by ROS was not found in oocytes cultured with pFF ϩ DETC, nor in FBS, in accordance with their lower levels of SOD activity; consequently, a large number of those oocytes blocked the meiotic progression at the MI stage compared with oocytes cultured with pFF. Thus, it is likely that the addition of pFF to the IVM medium may function to protect porcine oocytes and cumulus cells from cell damage caused by oxidative stress.
It is interesting that the apoptotic DNA fragments in cumulus cells occurred during IVM culture, irrespective of the addition of pFF and treatment with XOD. Very recently, this spontaneous apoptosis in cumulus cells during IVM was also observed in bovine COCs, suggesting that the degree of apoptosis in cumulus cells may be correlated with the developmental competence of oocytes after IVF [53] . In humans, a low degree of apoptosis in cumulus cells has been an indicator of a higher developmental competence of oocytes after IVF or an intracytoplasmic sperm injection program [54, 55] . We previously reported that cumulus cells play a critical role in protecting oocytes against oxidative stress-induced apoptosis by enhancing the intracellular GSH content in oocytes [12] . In the present study, an increased intensity of DNA ladders in cumulus cells was detected in COCs cultured with pFF ϩ DETC and with FBS in the presence of XOD. Furthermore, the developmental competence to the blastocyst stage was hard to observe in these oocytes, based on results of significantly lower levels of intracellular GSH, and lower abilities to promote MPN formation, and to prevent the frequency of polyspermic fertilization than oocytes cultured with pFF (P Ͻ 0.05) (Figs. 3B and 5, and Table 2 ). It has been found that intracellular GSH plays an important role in protecting the cell from oxidative damage [56] , and is a molecular marker to predict cytoplasmic maturation in porcine oocytes [2, 9, 57, 58] . To our knowledge, the present study is the first that directly shows the involvement of pFF in protection of porcine oocytes against cell damage caused by ROS during IVM through its radical scavenging activity of SOD isoenzymes, resulting in supporting cytoplasmic maturation.
With regard to the effect of SOD activity in pFF on the cytoplasmic maturation, the present study demonstrated that the higher proportions of MPN formation and development to the blastocyst stage were recorded for oocytes matured with pFF compared with oocytes matured with FBS, whereas the abilities of porcine oocytes to promote transformation of sperm nuclei into MPN and the subsequent embryo development were strongly reduced by the further addition of DETC (Fig. 5) . It was also reported that the addition of pFF collected from medium-size (5-7 mm in diameter) follicles to porcine IVM medium can improve meiotic maturation, reduce polyspermy, and increase normal fertilization rates in vitro [20] . In humans, oocytes successfully fertilized in vitro corresponded closely to a higher level of antioxidant capacity in FF obtained at the same time of follicle aspiration [28] . Although it has been reported that besides SOD isoenzymes, pFF possesses various factors associated with enhancement of cytoplasmic maturation in comparison with FBS [15, [21] [22] [23] [24] [25] , the reason why MPN formation ability is compromised in oocytes cultured with pFF ϩ DETC despite the absence of XOD is still a matter of discussion. The inhibition of SOD activity by 2-methoxyoestradiol causes accumulation of cellular O 2 Ϫ , and leads to free-radical-mediated damage to mitochondrial membranes, the release of cytochrome c from mitochondria, and apoptosis of human leukemia cells [59] . It is thus speculated that inhibition of SOD activity during IVM may give rise to the accumulation of cellular O 2 Ϫ , resulting in disturbances of physiological processes that are essential for cytoplasmic maturation, because the intracellular GSH content in oocytes cultured with pFF (9.6 Ϯ 0.5 pmol/oocyte) significantly decreased to 7.6 Ϯ 0.4 pmol/oocyte with further addition of DETC (P Ͻ 0.05) (Fig. 3B) .
From these findings, it becomes clear that the protection of porcine oocytes against oxidative stress during IVM results in an improvement in the potential for acquiring the cytoplasmic maturation responsible for developmental competence after IVF, and it seems that SOD activity in pFF is closely associated with the defense mechanisms from the harmful effect of ROS generated by critical cellular processes, such as oxidative respiration, in oocytes matured not only in vitro but also in vivo.
In summary, the data reported here demonstrate that a higher level of SOD activity in pFF efficiently blocked the decreasing intracellular GSH content and DNA damage caused by oxidative stress in porcine oocytes and cumulus cells, resulting in sustenance of the ability to undergo MPN formation and development to the blastocyst stage after in vitro insemination; however, these abilities were interrupted by the SOD inhibitor. Therefore, it is suggested that the radical scavenging activity of SOD isoenzymes, which is one of the desirable effects of pFF, can support cytoplasmic maturation relating to developmental competence postfertilization by alleviating oxidative stress during oocyte maturation.
